The distinction between pleural malignant mesothelioma and pleural infiltration by adenocarcinomas has complex therapeutic and medicolegal implications. Although the panel of adenocarcinoma-associated antibodies and one or two mesothelioma markers is useful in this purpose, most of these antibodies are not totally specific. We determined the diagnostic value of MUC4 immunostaining in this issue. MUC4 gene expression was also studied by in situ hybridization and RT-PCR. MUC4 is a membrane-bound mucin that has been suggested to be implicated in malignant progression in humans and rats. The MUC4 gene is expressed in various normal epithelial tissues of endodermic origin and carcinomas. In the respiratory tract, MUC4 transcripts have been detected in normal respiratory epithelium and lung carcinomas. MUC4 protein was expressed in 32 of 35 (91.4%) lung adenocarcinomas on paraffin-embedded tissue. None of the 41 malignant mesotheliomas nor the 32 cases of benign mesothelial cells expressed MUC4 at the protein and mRNA levels. We conclude that MUC4 is a very specific (100%) and sensitive (91.4%) marker of lung adenocarcinomas on paraffin-embedded tissue that could be useful in diagnostic practice in the distinction between malignant mesothelioma and adenocarcinoma.
Immunohistochemistry provides an important tool for distinguishing pleural malignant mesothelioma from peripheral lung adenocarcinoma invading the pleura or from a metastatic adenocarcinoma arising in a distant organ. This distinction has complex therapeutic and medicolegal implications. 1, 2 Various immunohistochemical markers that can help to the differential diagnosis of mesothelioma or adenocarcinoma have become available. Most of these markers, such as BerEP4, CD15, the thyroid transcription factor (TTF-1) and carcinoembryonic antigen (CEA) stain adenocarcinomas whereas calretinin and CK5/6 are positive in both benign and malignant mesothelial cells. [3] [4] [5] [6] [7] [8] An appropriate panel of antibodies is useful to differentiate between mesothelioma and adenocarcinoma. Among markers of adenocarcinomas whatever their origin (CEA, BerEP4, CD15), BerEP4 is the most sensitive (80%) but at the same time is the least specific. Moreover, the epitope recognized by this antibody is not yet characterized. 4, [8] [9] [10] [11] Although it seems that LeuM1 (anti-CD15) may be specific, it is less sensitive than the other antibodies. 12, 13 Results on CEA sensitivity and specificity are very controversial in the literature due to the use of various monoclonal or polyclonal antibodies. In the largest series, CEA immunostaining is positive in about 90% of adenocarcinomas and weakly and focally positive in 10% of mesotheliomas. 7, 11, 14 TTF-1 is selectively found in thyroid and lung cancers. It appears to be a sensitive (70%) and highly specific marker for pulmonary adenocarcinomas correlated with morphologic resemblance to terminal respiratory unit cells. 8, [15] [16] [17] Recently, E-cadherin has been tested in this issue. It is very often positive in adenocarcinomas but can be negative in poorly differentiated cases. Furthermore, 22% of mesotheliomas are stained with anti-E-cadherin antibody. 3, 16 MOC-31 immunostaining is also a useful marker of lung adenocarcinomas although positive immunostaining in a limited number of cells has been described in malignant mesotheliomas. 18 The mesothelioma markers group includes CK5/6 and calretinin. The first one is positive in most of mesotheliomas and is frequently focally positive in endometrial (50%), ovarian (25%), breast ductal (40%) and pancreatic (38%) adenocarcinomas. Carcinomas with squamous differentiation and transitional cell carcinomas are diffusely positive. 19 The second one, calretinin shows also reactivity in most of mesotheliomas (according to the used clone) with a typical cytoplasmic and nuclear staining. It is also positive, generally focally in 10% of adenocarcinomas of various origin. 6, 7, 20 In spite of the use of several markers, the obtained profile is not always characteristic. For difficult cases, an adenocarcinomapositive marker which would be strongly specific and sensitive would be helpful to exclude mesothelioma.
Mucins constitute a heterogeneous group of highly O-glycosylated macromolecules synthesized by epithelial cells. They are characterized by a central core which is specific of each gene. It is made of tandemly repeated amino-acid regions wich are rich in proline, serine and threonine residues that serve as docking site for O-glycans. To date, eight human mucin genes: MUC1 to MUC4, MUC5AC, MUC5B, MUC6 and MUC7 have been well characterized from various epithelial tissues or mucosae, including airways. [21] [22] [23] [24] MUC4 has been initially isolated from a tracheobronchial mucosa cDNA library by Porchet et al 25 and belongs to the membrane-bound mucin family with MUC1 26 and MUC3. 27 Membrane-bound mucins are expressed in a wide range of mucous and nonmucous-secreting cells. They are involved in protection of epithelia but also in cellular adhesion, signal transduction and differentiation. 28 MUC4 is expressed early in the primitive gut and is widely expressed in adult normal respiratory tissues. [29] [30] [31] Moreover, MUC4 transcripts are frequently expressed in lung adenocarcinomas and epidermoid carcinomas. [31] [32] [33] So, we postulated that mesothelial cells which are of mesodermic origin could not express MUC4.
The purpose of this study was to investigate the expression of apomucins especially MUC4 in malignant mesotheliomas and to determine the practical value of MUC4 immunostaining in distinguishing mesotheliomas from adenocarcinomas.
Materials and methods

Patients and Tissues
The cases used in this study were obtained from the files of the Department of Pathology at Calmette's hospital (CHR-U Lille) and are listed in Table 1 .
The patient's characteristics were as follows: median age 57 years (range 35-76 years), 9:21 female/male ratio for adenocarcinomas and 66 years (range 50-77 years) and the same sex ratio for malignant mesotheliomas.
The group of malignant epithelial or mixed-type mesotheliomas of the pleura consisted of 39 formalin-fixed specimens (16 surgical resections and 23 biopsies) and two pleural effusions. The diagnostic criteria used for mesothelioma were clinical findings, typical histology on hematoxylin-and eosin-stained sections, negative immunoreactivity Normal and hyperplastic mesothelial cells were studied in 20 paraffin-embedded cell blocks of pleural effusions and 12 formalin-fixed tissues. In the group of pleural effusions, the absence of carcinomatous cells was assessed both by cytologic examination and negative staining for BerEP4. In all, 35 of the 45 specimens of lung adenocarcinomas were surgical resections and the remaining were cell blocks of pleural effusions. On surgical resections, all the adenocarcinomas studied expanded at least to the visceral pleura. The lung adenocarcinomas were diagnosed using World Health Organization criteria. 34 A total of 20 were of the acinar type, five of papillary type and 10 of solid with mucin production type. The expression of cytokeratin 7 (OVTL12, Dako, Glostrup, Denmark) and TTF-1 was evaluated to support the pulmonary origin of the tumor.
The nonpulmonary adenocarcinomas (n ¼ 21, two surgical resections and 19 cells blocks of pleural effusions) consisted of 10 breast adenocarcinomas, two ovarian adenocarcinomas, one colon adenocarcinoma, two gastric adenocarcinomas, one endometrial carcinoma and five TTF-1 negative carcinomas of unknown origin, all metastatic to the pleura.
In the group of pleural effusions, whatever the origin, the presence of carcinomatous cells was assessed by cytologic examination and positive immunostaining for BerEP4.
For RNA analysis, samples were collected from cases undergoing surgery and pleural effusions. Tissues and cells were frozen in liquid nitrogen (for RT-PCR analysis) or immediatly fixed in fresh 10% neutral formaldehyde solution (pH 7.4) in phosphate buffer (for in situ hybridization).
Immunohistochemistry
Staining procedures were conducted using an automated immunostainer (ES, Ventana medical Systems, Strasbourg, France) on 3 mm-thick sections of paraffin-embedded tissue. Microwave pretreatment in citrate buffer (pH 6.0) was performed for two 10 min cycles on tissue sections. The sections were incubated for 32 min with normal goat serum to block the nonspecific antibody binding sites. Sections were then incubated with the primary anti-MUC4 polyclonal antibody, recognizing the tandem repeat sequences of this apomucin (purified rabbit polyclonal antibody, 1:50 dilution) 35 for 32 min. The immunohistochemistry method used a three-step undirect process based on the biotin-streptavidin complex. Slides were counterstained with hematoxylin. Endogeneous peroxidase activity was suppressed by first incubating the specimen in 3% hydrogen peroxide. Positive and negative controls were added on each automated immunohistochemistry run. Negative controls consisted of (a) slides run without the primary antibody and (b) negative tissues for MUC4 by in situ hybridization (vessels, muscle and colon). Positive controls consisted of normal bronchus that has been shown to express MUC4 predominantly in their surface epithelium. 32, 33 The grading of the immunostaining was performed according to the percentage of reactive cells (negative 7 ¼ o1%;
In situ Hybridization
The samples were cut under sterile conditions (3 mm thick sections) and put on silan-covered slides. Morphological control of the same blocks was obtained by stained sections with hematoxylineosin-saffron (HES) and astra blue.
Oligonucleotides corresponding to the tandem repeat sequences of MUC1, MUC2, MUC3, MUC4, MUC5AC, MUC5B, MUC6 and MUC7 genes were 35 S-labeled as previously described. 29, 30 The samples were processed according to the previously described protocol. 30 The sections were developed after 3 weeks and counterstained with methyl green pyronin (Sigma Chemical Co, St Louis, MO, USA).
Controls consisted of (a) competition studies with 50-fold excess of unlabeled relevant and irrelevant oligonucleotides, (b) careful examination of non epithelial structures on the slides: vessels, muscle and connective tissue (negative control) and (c) a representative sample was chosen by morphological examination including both carcinoma and a normal bronchiole or bronchus used as an internal positive control.
The results were evaluated in a blinded manner by two pathologists experienced in pulmonary pathology. Scoring of reactions was performed semiquantitatively according to the intensity of labeling (absent ¼ À; þ , weak: visible at magnification Â 200 ¼ þ ; moderate: visible at magnification Â 100 ¼ þ þ ; strong: visible at magnification
Reverse Transcriptase Polymerase Chain Reaction
Total cellular RNA was isolated from thick cuts of 12 frozen tissue samples and from five pleural effusions using the Rneasy Midit kit (Qiagen) according to the manufacturer's instructions. Morphological control was done on 4-mm sections of each specimen. Total RNA (1 mg) was reverse-transcribed using the advantaget RT-for-PCR kit (Clontech) with the oligo dT primers. PCR analyses were performed using a Perkin-Elmer Thermal Cycler 2400 (Applied Biosystems) with sens primer NAU 511 (nt 2994-3014) and antisens primer NAU 533 (nt 3302-3322) (Gen Bankt accession number AJ010901) for the MUC4 gene expression analysis. 23 A glyceraldehyde-3-phosphate deshydrogenase fragment was also amplified as control. PCR amplification reactions were conducted in 50 ml reaction volumes containing 5 ml 10 Â buffer, 5 ml MgCl 2 
Results
The results of immunostaining are summarized in Table 1 Malignant Mesotheliomas and Normal Mesothelial Cells None of the malignant mesotheliomas, nor normal or hyperplastic mesothelial cells reacted with the anti-MUC4 antibody (Figure 1) . MUC4 mRNAs were not detected both by in situ hybridization (n ¼ 12) and RT-PCR analysis (n ¼ 7: five tissue samples and two pleural fluids) in malignant mesotheliomas and by RT-PCR analysis in two noncancerous pleural fluids ( Table 2) .
The in situ hybridization study was completed for the other well characterized apomucin genes. MUC1, MUC2, MUC3, MUC5AC, MUC5B, MUC6 and MUC7 transcripts were not found in the six samples of malignant mesotheliomas tested.
Lung Adenocarcinomas
Surgical resections
In all, 35 of 35 (100%) of lung adenocarcinomas expressed cytokeratin 7. Of 35 lung adenocarcinomas 30 were TTF-1 positive. The five cases negative for TTF-1 immunostaining had a typical clinical presentation of lung carcinoma and were carcinomas of large bronchi. Reactivity with anti-MUC4 antibody was noted in 32 of 35 cases. MUC4 positivity was characterized by diffuse cytoplasmic staining ( Figure 2 ) and less frequently membrane staining (Figure 3) . In 12 of 20 cases with weak ( þ ) or moderate ( þ þ ) staining, carcinomatous cells immunoreactive for MUC4 were significantly more numerous beneath the pleura and in the pleural extension zone. In the deeper part of the tumor and at the front progression, the staining was more heterogeneous. In these cases, expression of cytokeratin 7 was homogeneous and diffuse, excluding a fixation artifact. In cases þ þ þ (12/ 35), staining was intense and diffuse on the whole specimen ( Figure 4 ). Only one of the five cases Diagnostic value of MUC4 K Llinares et al negative for TTF-1 immunostaining was MUC4 negative (Table 3) . MUC4 mRNAs were detected by RT-PCR in the six cases tested, all positive for MUC4 protein expression by immunohistochemistry (Table 2) . Frozen tissue was not available for the three MUC4-negative tissue samples by immunohistochemistry.
On the same blocks, MUC4 was expressed in normal type II pneumocytes (n ¼ 7), in type II pneumocyte hyperplasia (n ¼ 10) and in atypical pneumocyte hyperplasia (n ¼ 7) adjacent to carcinoma by immunohistochemistry.
Pleural effusions
Eight of 10 cases contained numerous MUC4-positive cells. The two cases negative for MUC4 immunostaining were TTF-1 positive. RT-PCR analysis was performed in only one case with frozen material available. This case, also positive for MUC4 at protein level, expressed MUC4 mRNA (Table 2) .
Nonpulmonary Adenocarcinomas
Three of 10 cases of breast adenocarcinoma, two of two cases of ovarian carcinoma, two of two cases of gastric adenocarcinoma, one of one case of colon adenocarcinoma and four of five cases of unknown origin expressed MUC4 protein by immunohistochemistry. Among the negative cases, seven were metastasis from breast carcinomas, one from endometrial carcinoma and one from unknown origin. One case of colon adenocarcinoma expressing MUC4 by immunohistochemistry was tested by RT-PCR analysis, showing a positive but low signal with this technique (Table 2 ).
Discussion
Our previous results on MUC4 expression in lung carcinomas suggest that among mucins, MUC4 could be of diagnostic value to differentiate between adenocarcinoma and malignant mesothelioma as a specific marker of adenocarcinoma. 32, 33 First, we have postulated that mesothelial cells, that derivate from the mesoderm, do not express apomucins, especially MUC4, which is frequently expressed in many types of adenocarcinomas of various origin and in normal tissues of endodermic origin. 29 In normal airways, MUC4 is expressed independently of mucus secretion by basal cells and ciliated cells as well as collecting ducts and goblet cells. [29] [30] [31] Here, we have studied MUC4 expression by immunohistochemistry in malignant mesotheliomas and adenocarcinomas invading the pleura and the expression of MUC1-MUC4, MUC5AC, MUC5B, MUC6 and MUC7 genes by in situ hybridization in malignant mesotheliomas.
In our study, 32 of 35 (91.4%) lung adenocarcinomas reacted with the anti-MUC4 antibody on formalin-fixed paraffin-embedded tissue. Although we have frequently observed both membrane and cytoplasmic immunostaining for MUC4 in carcinomas, some specimens have shown exclusive cytoplasmic staining as in normal bronchus. The fact that the tandem repeat on the MUC4 core might be masked by long and branched carbohydrate chains bound to the core protein at the cell surface could explain the failure to detect MUC4 membrane expression in normal cells and some carcinomas. Underglycosylation of mucins in cancers is well known and could explain the detection of membrane staining in the other cases of adenocarcinomas.
36
MUC4 gene expression has been previously reported in 34 lung adenocarcinomas (17 of nonbronchioloalveolar and 17 of bronchioloalveolar type), by in situ hybridization 33 whatever the histological subtype according to the WHO classification. 34 MUC4 mRNA expression has also been described in lung carcinomas by Northern blot analysis and RT-PCR. [37] [38] [39] In this study, we confirmed the frequent expression of both MUC4 protein and transcripts in lung adenocarcinomas.
According to literature and the results of our study, it seems that reactivity for MUC4 depends on the primary site of the tumor and has to be more extensively studied on paraffin-embedded tissue. MUC4 gene expression has been described in nonpulmonary adenocarcinomas of various origin including those of the pancreas, the biliary tract, the stomach, the colon, the endocervix and the ovary. [40] [41] [42] [43] [44] [45] In the current study, it seems that MUC4 has a lower sensitivity (57.1%) in differentiating adenocarcinomas of nonpulmonary origin from mesotheliomas, especially for breast carcinomas, although the specimens tested were pleural effusions. We detected only three MUC4-positive cases of the 10 pleural metastatic effusions of breast carcinomas. Data about MUC4 expression in breast carcinomas are deduced from studies about deregulation of sialomucin complex (SMC), the rat homologue of the human mucin MUC4 isolated from the highly metastatic ascites 13 762 mammary adenocarcinoma cells. 46 There is only one study carried on the Muc4/SMC expression in mammary carcinomatous cells in pleural fluids. In all, 10 fluids out of the 10 tested were positive. 47 Whether MUC4 expression in breast carcinomas is correlated to cancer agressiveness has never been studied.
Calretinin seems to be the most useful marker for the positive identification of malignant mesotheliomas with specificity over 90% for epithelioid mesotheliomas when compared with metastatic adenocarcinomas. 6 Calretinin immunoreactivity has been reported focally in 10% of adenocarcinomas of various origin. More exactly, a nuclear staining has been detected in 6% of pulmonary adenocarcinomas 3 and in a few cases of metastasis especially from breast, 6, 48 In addition, we showed that normal and hyperplastic mesothelial cells did not express MUC4. Although our study focused on the practical use of MUC4 in differentiating mesothelioma from adenocarcinoma, we believe that this marker could also be of some help in the detection of carcinomatous cells in pleural effusions. MUC4 is also expressed by squamous cell carcinoma of various origin including lung. 32 BerEP4 has a very high sensitivity in this setting (80%), but normal or hyperplastic mesothelial cells can be stained.
9,10 MUC4 expression has been detected in eight of 10 (80%) cases of lung adenocarcinomas and eight of nine (89%) cases of nonpulmonary carcinomas excluding breast origin. Although MUC4 seems to be less sensitive than BerEP4 but more specific, more extensive studies are necessary in this issue.
We observed MUC4 expression in both normal or hyperplastic pneumocytes, with or without atypia, adjacent to carcinoma, by immunohistochemistry whereas we did not detect MUC4 gene expression in normal type II pneumocytes by in situ hybridization. 32 We have previously shown that MUC4 is the first mucin gene to be expressed, as early as 6.5 week after gestation, by the primitive epithelial cells which have the potential to differentiate in all the epithelial cell types of the conducting airways and alveolar epithelium. 30 TTF-1 is now recognized as a lineage marker of terminal respiratory unit. 17 Its expression is also initiated at a very early stage of lung morphogenesis but shifted to the peripheral airway epithelium once peripheral airway tubes are developed. In normal adult tissue, TTF-1 expression is restricted to pneumocytes and epithelium of bronchioles. Whereas TTF-1 has a crucial role in the development of the terminal respiratory unit, MUC4 has probably a great importance both in the early stages of lung development and in the whole process of cell differentiation.
Several arguments suggest that MUC4 plays a role in tumour-cell invasion and metastasis. MUC4 is a transmembrane molecule with a large extracellular domain protruding high above the cell surface thought to reduce cell-cell and extracellular matrix-cell adhesion in cancer cells 46 and to block immune cell killing of mucin-expressing tumor cells. 47 Moreover, MUC4 has two EGF-like domains, one of which can act as an intramembrane ligand/ modulator for the tyrosine kinase ErbB2 and could be involved in cellular signaling. 51 However, direct evidence of the role of MUC4 in tumor progression is lacking. In our study, although some lung adenocarcinomas were immunostained strongly and in a large proportion of carcinomatous cells, we noticed that the MUC4 expression was frequently heterogeneous within the same tumor. In these cases, we observed that MUC4 expression was more frequent in carcinomatous cells invading the pleura. The higher expression of MUC4 in the pleural infiltration zone suggests that MUC4 may play a role in tumor progression in lung adenocarcinomas, pleural involvement being recognized as a significant predictor of local or regional tumor spread. 52 In summary, MUC4 is very frequently expressed in lung adenocarcinomas and preferentially by the carcinomatous cells involved in pleural spread. Moreover, MUC4 is undetectable in benign and tumoral mesothelial cells. Our study using several complementary techniques allows to validate the use of anti-MUC4 antibody by immunohistochemistry in the differential diagnosis between malignant mesothelioma and lung adenocarcinoma. The usefulness of MUC4 expression in the detection of carcinomatous cells in pleural effusions has to be more extensively studied.
